The structures of neutral boron clusters, B 11 , B 16 , and B 17 , have been investigated using vibrational spectroscopy and ab initio calculations. Infrared absorption spectra in the wavelength range of 650 to 1550 cm −1 are obtained for the three neutral boron clusters from the enhancement of their near-threshold ionization efficiency at a fixed UV wavelength of 157 nm (7.87 eV) after resonant absorption of the tunable infrared photons. All three clusters, B 11 , B 16 , and B 17 , are found to possess planar or quasi-planar structures, similar to their corresponding anionic counterparts (B n − ), whose global minima were found previously to be planar, using photoelectron spectroscopy and theoretical calculations. Only minor structural changes are observed between the neutral and the anionic species for these three boron clusters.
I. INTRODUCTION
Boron is an electron-deficient element with four valence orbitals and only three valence electrons. As a consequence, bulk boron features three-dimensional (3D) structures based on cage-like structural units (B 12 icosahedron, B 6 octahedron, or B 12 cuboctahedron), with extensive electron sharing.
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Early experimental works on boron clusters in the late 1980s attributed similar 3D structures to the cationic boron clusters observed in mass spectrometric investigations, including the highly stable B 13 + cluster. 3 Computational investigations suggested, however, that for isolated boron clusters, the cage-like structures were unstable and planar or quasi-planar structures were energetically favored. [4] [5] [6] [7] [8] [9] Over the past decade, the photoelectron spectroscopy of size-selected clusters on negatively charged boron cluster (B n − ) in conjunction with ab initio calculations has revealed that boron cluster anions are planar or quasi-planar up to at least n = 21 (Refs. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Although the 2D-to-3D transition for anionic clusters is not known, that for neutral clusters 15 was suggested to occur, at B 20 , and for cationic clusters, 21 at B 16 + . The first 3D structure for B 20 was found to have a double-ring shape (C 5v ) (Ref. 15 ) and the transition size for the neutral clusters at B 20 has been reproduced by recent calculations. 22 All planar boron clusters have been found to consist of a peripheral boron ring, which is characterized by strong classical two-center two-electron (2c-2e) covalent bonds, and one or more inner boron atoms bonded to the peripheral boron ring by delocalized σ and π bonds. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 23 The latter gives rise to the concept of multiple aromaticity and antiaromaticity, depending on the electron count of the delocalized bonds. For larger clusters, it is anticipated that localized covalent bonds may also contribute to the bonding of the inner atoms, as observed recently in the planar B 21 − cluster. While the structures and bonding models established for the anionic boron clusters are expected to be valid for the neutral clusters, no direct experimental studies on neutral boron clusters have been done, except for B 3 (Refs. 24 and 25) . In addition, the disagreement between cluster structures, which were calculated using different computational methods, as demonstrated recently for B 14 (Refs. 22 and 26) calls for an experimental investigation of the structures of neutral boron clusters. Photoelectron spectroscopy studies of size-selected anions provide spectroscopic information about the corresponding neutrals. However, if the global minimum of the neutral is different from that of the anion, photodetachment may not access the global minimum of the neutral state because photodetachment is essentially a vertical process.
In the current article, we report a vibrational spectroscopy study of neutral boron clusters using tunable infrared (IR) + fixed UV two color ionization (IR-UV2CI). In IR-UV2CI, one uses UV photons (157 nm in the current case) to ionize the neutral clusters near the ionization threshold. Heating of the clusters via resonant absorption of the IR photons can lead to an enhancement in the ionization efficiency for a given cluster if its ionization potential (IP) is just above the UV photon energy. Recording this enhancement as a function of the IR excitation wavelength provides size-specific IR spectra for neutral clusters. This technique was first used to obtain the IR spectra of jet-cooled molecules, 27 clusters, 28 and an Al-organic complex. 29 It has been successfully applied to the study of neutral silicon 30, 31 and magnesium oxide 32 clusters recently. Comparison of the IR absorption spectra with results from ab initio calculations allows neutral structural information to be obtained. In the present study, we have obtained IR spectra in the wavelength range from 650 to 1550 cm −1 for three neutral boron clusters B n (n = 11, 16, 17) using the IR-UV2CI method. Theoretical calculations using density functional theory (DFT) have been carried out and compared with the experimental data. The joint experimental and computational study shows that all three neutral boron clusters are planar, similar to the global minimum of the corresponding anions.
II. EXPERIMENTAL AND THEORETICAL METHODS
An essential step in the IR-UV2CI experiment for the neutral boron clusters was their ionization. Since there were no prior reports of the experimental measurements of the IPs of neutral boron clusters, we calculated the IPs and the IR spectra of boron clusters using DFT methods, based on the low-energy isomers reported in the literature. This information was important for us to assess the feasibility of the IR-UV2CI experiment, because of the availability of our UV and IR sources. We found that B n clusters with n ≥ 10 have calculated IPs spanning approximately in the range of ∼7-9 eV and they have strong IR active modes in the wavelength range between 700 and 1500 cm −1 , suggesting that at least for some B n clusters, the IR-UV2CI experiment should be feasible using a fixed UV source at 157 nm (7.87 eV) from an F 2 excimer laser and the Free Electron Laser for Infrared eXperiments (FELIX) IR source, which is tunable between 3 and 250 μm. The calculated IPs are given as the supplementary material (Fig. S1 ).
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A. Experimental details
The experiment was carried out using a molecular beam apparatus equipped with a laser vaporization source and a reflectron time-of-flight mass spectrometer (TOF-MS), details of which have been described elsewhere. 34 Briefly, boron clusters were produced by the laser vaporization of an isotopically enriched 11 B rod (99.4%) and equilibrated in a thermalization channel cooled to 140 K using liquid nitrogen. The cluster beam was first collimated by a skimmer and then passed through a 1 mm diameter flat aperture, which was used to remove the charged clusters from the beam by an applied dc voltage. The neutral clusters were ionized in the extraction region of the TOF-MS by 157 nm (7.87 eV) photons from a pulsed F 2 excimer laser. Neutral clusters that have IPs lower than 7.87 eV could be efficiently ionized, even though residual signals were detected for species with slightly higher computed IPs (Fig. 1, upper trace) . For the latter, the residual signals were detected probably due to the ionization of "hot" clusters. IR absorption spectra were obtained by overlapping the cluster beam with a counter-propagating IR beam from the FELIX. The IR laser delivered ∼5 μs long pulses, with energies of 20-40 mJ/pulse and a bandwidth of 0.5% of the central wavelength. The IR beam was loosely focused ∼30 mm behind the 1 mm diameter flat aperture. Upon the resonant absorption of IR photons, the internal energy of the cold clusters was raised, resulting in an increased ionization efficiency (see lower trace in Fig. 1 ). The cluster size-specific IR spectra were obtained by recording mass spectra on alternating shots with the FELIX radiation ON (intensity I) and OFF (intensity I 0 ). Relative absorption spectra were derived from the enhancements of the ion signals by (I -I 0 )/I 0 normalized by the IR beam energy, as a function of the IR wavelength scanned from 650-1550 cm −1 . Because the UV ionization FIG. 1. Mass spectra of B n clusters obtained by ionization with an F 2 laser (157 nm, 7.87 eV) using a target made from isotopically enriched 11 B (99.4%). The mass spectra contain carbide and oxide contaminations. The inset shows the detailed assignment for a selected mass range. At the photon energy of 7.87 eV, the ionization efficiency of the pure boron clusters, as well as the contaminations, is strongly size dependent. The lower trace shows the IR induced enhancement for B 16 and B 17 at 1100 cm −1 .
laser was fixed and the clusters were expected to have sizedependent IPs, we expected that only those neutral clusters with IPs slightly above the UV photon energy to exhibit an enhancement in their ionization efficiency upon IR absorption. Hence, although the mass signals were recorded for a large size range simultaneously, as shown in Fig. 1 , good IR absorption spectra were obtained only for B 11 , B 16 , and B 17 .
B. Theoretical calculations
To obtain cluster structure information, comparison with calculated IR spectra was required. Based on previous experiences with ab initio calculations for anionic boron clusters, structure optimization and IR spectra calculations at the DFT level were carried out for comparison with the observed vibrational spectra. One problem that had been recognized by a number of groups previously was that some density functionals, such as the Becke-style 3-parameter functional with Lee-Yang-Paar correlation function (B3LYP) (Refs. [35] [36] [37] , performed poorly when calculating the relative energies of the B n isomers, especially when comparing isomers with 2D and 3D structures. 38, 39 However, we found that the optimized structures and the calculated vibrational spectra did not differ significantly using different functionals. The calculations reported in this study were done with the B3LYP, the Perdew, Burke, and Ernzerhof hybrid functional (PBE0) (Ref. 40) , and the Tao, Perdew, Staroverov, and Scuseria exchange functional (TPSS) (Ref. 41 ) functionals and the 6-311+G(d) basis set [42] [43] [44] using the GAUSSIAN 03 program suite. 45 For B 11 and B 16 , we generated roughly 300 random structures each, which were first optimized at the PBE0/3-21G (Ref. 46 ) levels of theory. The low-energy isomers at the PBE0/3-21G level of theory were reoptimized with a larger basis set of 6-311+G(d). For both clusters, we identified the putative global minimum structures reported in previous theoretical studies along with other low-lying isomers. For B 17 
III. RESULTS AND DISCUSSION
Our initial goal was to investigate the structures of neutral boron clusters (B n ) with n ≥ 10. However, at the 7.87 eV ionization energy, we found that only three clusters gave vibrational spectra with good signal-to-noise ratios: B 11 , B 16 , and B 17 and 1550 cm −1 . The calculations (Fig. S1 ) (Ref. 33 ) indeed showed that the IPs of these clusters are significantly higher than 7.87 eV, except B 20 . Consequently, these clusters could not be excited high enough via IR pumping to be ionized efficiently with the 157 nm UV laser. A notable exception was B 20 , for which the calculated lowest energy isomer was the C 5v double ring. Its IP was calculated to be 7.46 eV, clearly below the 157 nm photon energy, but the mass spectrum ( Fig. 1) showed only a weak signal. This suggested that either the IP calculation was not accurate enough, or the global minimum of neutral B 20 has not been identified. A similar situation was reported for the corresponding anion B 20 − , whose global minimum was also computed to be the double ring, but it was not present in the photoelectron spectra. 15 The calculated IR spectra of the global minimum and three low-lying isomers in the wavelength range of 650 to 1550 cm −1 for B 11 , B 16 , and B 17 are compared with the experimental data in Figs. 2-4 , respectively. The corresponding structures with the relative energies calculated at different levels of theory for the three clusters are shown in Fig. 5 . Even though the relative energies vary slightly, all three levels of theory gave rise to the same global minimum structure, which in each case yielded the best agreement with the experimental data. To simplify the following discussion, the relative energies of the B n isomers will be referred to the PBE0/6-311G+(d) calculations, which were found to agree well with higher level coupled-clusters calculations.
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A. B 11
The IR spectrum of B 11 ( Fig. 2) shows a strong band at around 915 cm −1 with a number of weak peaks in the wavelength range from 650 to 1550 cm −1 . Recent theoretical calculations suggested that in the ground electronic state, B 11 has a C 2v symmetry and a 2 B 2 electronic state (11.I, Fig. 5(a) ) (Ref. 48) . It consists of a boron dimer located inside a ninemembered boron ring, similar to the ground state of B 11 − (Ref. 13 ). An alternative low-lying C 2v isomer 48 was found to be a first order saddle point on the potential energy surface and further optimization along the imaginary frequency coordinate led to the ground state isomer. All other identified isomers of B 11 lie relatively high in energy compared to 11.I, as shown in Fig. 5 . The next isomer, 11.II (C s , 2 A', + 0.73 eV), also reported for B 11 − , features a threemembered ring inside an eight-membered ring. The next two isomers, 11.III (C s , 2 A') and 11.IV (C 2h , 2 A g ), lie even higher in energy, at 1.14 eV and 2.16 eV, respectively. Given the large energy difference between 11.I and 11.II (0.73 eV), it might be expected that only the lowest energy isomer would be present in the cluster beam. Indeed, the calculated IR spectrum of 11.I shows a good agreement with the measured IR spectrum (Fig. 2) , confirming firmly the identified global minimum for B 11 .
The previous study on B 11 − using photoelectron spectroscopy and theoretical calculation found that there was a small geometry change between the ground state of the anion and that of its neutral. 13 The photoelectron spectrum resolved two vibrational modes for the ground state transition with the frequencies of 1040 ± 50 cm −1 and 480 ± 40 cm −1 , which were assigned to the symmetric stretching of the B-B bond connecting the inner atoms (1092 cm −1 ) and the symmetric stretching of the peripheral atoms relative to the inner atoms (481 cm −1 ), respectively. These symmetric modes are not IRactive. It should be pointed out that B 11 + is quasi-planar with a B 2 unit inside a B 9 ring (C s , 1 A') (Ref. 6 ), but the B 2 unit is slightly out of the B 9 plane.
Chemical bonding analyses provide further insights into the similarities and differences between the equilibrium geometries of B 11 at different charge states. B 11 − constitutes a prototypical system for the investigation of the concepts of aromaticity/antiaromaticity and the analogy between boron clusters and hydrocarbons. 13, 16 Detailed bonding analyses of B 11 − showed that its 34 valence electrons form nine 2c-2e peripheral σ -bonds (18 e − ), three 11c-2e delocalized π -bonds (6 e − ), and five 3c-2e delocalized σ -bonds (10 e − ). The delocalized σ and π systems, of which each conforms to the 4N+2 Hückel rule for aromaticity, make B 11
− doubly aromatic (6 π electrons and 10 σ electrons). The B 11 − cluster was regarded as the all-boron analogue of C 5 H 5 − according to their similar π bonding. 13 The highest occupied molecular orbital (HOMO) of B 11 − belongs to the σ -delocalized MOs, and, therefore, B 11 retains the π -aromaticity of B 11 − upon one electron removal from its HOMO. The overall effect from B 11
− to B 11 is the weakening of the delocalized σ -bonding between the inner atoms and the peripheral atoms, which results in a shorter inner B-B distance in B 11 compared to B 11 − (1.72 Å vs. 1.77 Å), while the perimeter of the outer B 9 ring does not change. Further removal of the unpaired electron from B 11 results in a system that exhibits conflicting π -aromaticity and σ -antiaromaticity (only 8 σ -delocalized electrons) in B 11 + . As a result, B 11 + has a quasi-planar geometry with the two inner atoms distorted slightly above and below the B 9 plane, respectively.
B. B 16
The experimental IR spectrum of B 16 is compared with the computed spectra of the low-lying isomers in Fig. 3 . Two strong IR bands were observed in the wavelength range of 650 to 1550 cm −1 at around 850 cm −1 and 1120 cm −1 . Previous photoelectron spectroscopy and theoretical studies found that B 16 − has a quasi-planar structure, 17 while ion mobility studies revealed that B 16 + prefers 3D structures, 21 marking the onset of the 2D-3D transition for boron cluster cations. The lowest energy structure found in the current work for B 16 is isomer 16.I (C 2h , 1 A g ) in Fig. 5(b) , which is similar to that identified for B 16 − in the previous combined photoelectron spectroscopy and theoretical study, 17 as well as a recent calculation. 22 A 3D structure with a geometry similar to that of B 16 + is found to be the second isomer, 16 .II (C 2v , 1 A 1 ) in Fig. 5(b) , at the PBE0 level. Its energy is close to that of two other 2D isomers, 16 .III (C s , 1 A') and 16.IV (C 1 , 1 A). The excellent agreement between the experimental IR spectrum and the calculated spectrum for 16-I confirms unequivocally that isomer 16.I is the global minimum for the neutral B 16 cluster.
The chemical bonding of B 16 is similar to that of B 16 − and B 16 2− (Ref. 17) . The 48 valence electrons of B 16 participate in the formation of 12 peripheral B-B σ -bonds, eight delocalized (nc-2e) σ -bonds responsible for bonding the four inner B atoms to the peripheral ring, and four delocalized π -bonds. This bonding situation makes the B 16 cluster doubly antiaromatic, which results in its elongated shape and quasiplanar geometry. As a comparison, the B 16 2− cluster is π -aromatic and σ -antiaromatic, and has a perfect planar structure with D 2h symmetry.
C. B 17
The experimental IR spectrum of B 17 is compared with the computed spectra of the low-lying isomers in Figure 4 . The B 17 spectrum is more complicated and has relatively poor signal-to-noise ratios. Four IR bands can be identified: a broad band around 860 cm −1 , and three relatively sharper bands at 1150 cm −1 , 1260 cm −1 , and 1450 cm −1 . The calculated structures of the corresponding isomers are shown in Fig. 5(c) . Similar to the case of B 16 , previous experimental works on the charged clusters demonstrated that the most stable structure of B 17 − has a perfect planar geometry, 19 while that of B 17 + prefers the 3D structure. 21 We have investigated a range of structures for B 17 , including those reported for B 17 − and B 17 + and those reported in a recent theoretical work. 22 The planar B 17 − (C 2v , 1 A 1 ) consists of a 12-membered peripheral ring and 5 inner boron atoms, similar to that of structure 17.II (C 2v , 2 A 2 ) (Fig. 5(c) ) (Ref. 19 ). This structure does not give a good agreement with the experimentally measured IR spectrum. Moreover, we found that at the TPSS/ 6-311+G(d) level of theory, the 17.II structure has one imaginary frequency. Further optimization along the normal coordinate corresponding to the imaginary frequency lead to a lower symmetry, lower energy structure, 17.I (C 1 , 2 A) as shown in Fig. 5(c) , that was recently reported as the global minimum for B 17 (Ref. 22) . As a matter of fact, isomer 17.I and structure 17.II are very similar with only a slightly different location for one of the five inner B atoms. This geometry change between the anionic and neutral cluster is consistent with the broad photoelectron spectra observed for B 17 − (Ref. 19) . Thus, the excellent agreement between the experimental and the calculated IR spectra confirms that isomer 17.I is the global minimum for B 17 .
The higher energy isomers are the quasi-planar 17.III (C s , 2 A') and the 3D 17.IV (C s , 2 A') structures, also reported in a recent theoretical report. 22 The bonding analysis performed for the ground state B 17 − (C 2v , 1 A 1 ) has shown that the system is doubly aromatic with 18 delocalized σ electrons and 10 delocalized π electrons. The remaining 24 electrons participate in twelve 2c-2e B-B bonds for the peripheral 12-membered boron ring. 19 In most of the larger boron clusters (n ≥ 10), the inner boron atoms are not connected by classical 2c-2e bonds. Instead, they are bound to the peripheral atoms via delocalized σ -radial bonds, and the internuclear distances between the inner atoms are usually longer than the peripheral B-B σ -bonds (∼1.6 Å). Detachment of a single electron from the HOMO of B 17 − (nc-2e σ -bond) weakens the interaction between the inner boron atoms and the peripheral ring and shortens the distance between the inner atoms, similar to the situation encountered for the B 11 cluster. This effect led to the occurrence of pentagonal and hexagonal holes in larger quasiplanar boron clusters. 20, 49, 50 This electron deficiency should also be the reason why stable bulk 2D sheets have been shown to contain regular hexagonal holes.
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IV. CONCLUSIONS
We have investigated the structural properties of three neutral boron clusters using a joint IR vibrational spectroscopy and ab initio computational study. We find that planar structures are favored for all three cluster sizes, consistent with previous experimental work on negatively charged boron clusters and predictions made by theory for the neutral clusters. We showed that vibrational spectra could be obtained for neutral boron clusters using the IR/UV two-color ionization scheme. With a tunable UV source, this two-color ionization scheme should be able to allow vibrational spectra of all small to medium-sized neutral boron clusters to be investigated.
